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A DNA fragment encoding the fusion protein was assembled by recursive PCR. The PCR product was inserted into a pET22b vector through NdeI and XhoI cutting sites. A C-terminal His-tag on the vector was included to facilitate protein purification by metal affinity purification. Mutations were introduced by QuikChange (Agilent). Cloning was done in E. coli strain XL1Blue. The resulting plasmids were verified by DNA sequencing.
Protein overexpression and purification
Plasmids encoding the original constructs or the mutants were transformed into E. coli strain BL21(DE3) for protein overexpression. A 10 ml overnight seed culture was inoculated into 1 liter of LB medium supplemented with 100 ug/mL ampicillin, incubated at 37 o C for 2 hours. The temperature was then decreased to 18 o C and incubated for 1 hour before adding 0.2mM IPTG for induction. The culture was incubated overnight before harvesting. The bacterial culture was harvested by centrifugation at 6,000 g for 15 minutes. The cell pellet was resuspended in 50mM phosphate buffer (pH=8.0), 300mM NaCl and 10mM imidazole and lysed by a sonicator (Sonics vibra-cell VCX500). The cell lysate was centrifuged at 16,000 g for 30 minutes and the supernatant was filtered and applied to a His-trap column (GE healthcare). The column was first washed with lysis buffer supplemented with 100mM imidazole, and the protein was then eluted with 300mM imidazole. Chromatography fractions containing the target protein were pooled and dialyzed overnight in 20mM Tris (pH-8) and 100mM NaCl. The dialyzed sample was further analyzed by size-exclusion chromatography using a Superdex-200 column (Amersham Pharmacia Biotech) on a FPLC system. A small protein peak eluting at the void volume was discarded, while a major peak with apparent molecular weight of ~600kDa was collected. For the purpose of crystallization, the purified protein was concentrated to ~15 mg/ml and then subjected to robotic sampling of commercially available crystal screening conditions using the hanging drop method.
Crystallization, data collection and data processing
The P212121 crystal form of the triple mutant was grown by addition of 0.1 M sodium citrate (pH=4.4) and 10% PEG 3000, with 12%DMSO and 3% xylitol as additives. The crystallization drop contained 1 uL protein and 1uL reservoir solution. The reservoir volume was 500uL. Glycerol (5%) was used as a cryoprotectant.
The P21212 crystal form of the triple mutant was grown in 0.1 M sodium citrate (pH=4.4) and 10% PEG 3000, with 10% xylitol as an additive. The crystallization drop was 2uL protein and 1uL reservoir solution. Glycerol (15%) was used as a cryo-protectant.
The I222 crystal form of the triple mutant was grown in 0.1 M sodium citrate (pH=4.4), 10% PEG 3000 and 200 mM NaCl, with 12% xylitol as an additive. The crystallization drop was 1uL protein and 1uL reservoir solution. DMSO (15%) and glycerol (5%) were used as cryoprotectants.
Note that the three crystal forms of the triple mutant were grown in similar condition; the inclusion of different concentrations of additives shifted the outcome toward distinct crystal forms. Crystals of different forms had similar morphologies, but were distinguished by X-ray diffraction analysis. The datasets for the P212121 and P21212 forms were collected at APS beamline 24-ID-C. The I222 dataset was collected using an in-house rotating anode X-ray generator S3 (Rigaku FRE+) and a Quantum4 CCD detector. All datasets were indexed and scaled using the program XDS 2 .
Molecular replacement and structure refinement
The P21212 crystal form contains six protein chains in the asymmetric unit, consistent with expectations from the Matthews coefficient. Each chain can be divided into a trimeric domain and a dimeric domain. Six trimeric domains and two dimeric domains were successfully located using the molecular replacement program Phaser 3 , with the native trimeric structure (PDB:1BRO) and dimeric structure (PDB:1AA7) as search models. At this stage the R/Rfree factors were 0.3349 and 0.3308 and the resulting electron density map was of decent quality. The remaining four dimeric domains were successfully located by the electrondensity map searching routine implemented in MOLREP 4 (SAPTF+Phased RF+Phased TF) 5 . The helix linkers between the trimeric domains and the dimeric domains were built manually in Coot. The program suites BUSTER 6 and Phenix 7 were then used for refinement. TLS and NCS (non-crystallographic symmetry) restraints were used during the structure refinement. The final R/Rfree factors are 0.1995 and 0.2311. The structure represents one-half cage in the asymmetric unit.
For the P212121 form, a similar procedure was used to solve the structure. The Matthews coefficient indicated twelve chains in the asymmetric unit. Twelve trimeric domains and six dimeric domains could be located automatically using the Phaser program. The R/Rfree factors were 0.3675 and 0.3710 at this stage. By phasing from these correctly placed domains, the remaining six dimeric domains were located by the electron-density map searching routines in MOLREP. After refinement using BUSTER and Phenix with TLS and NCS restraints, the R/Rfree factors were 0.2061 and 0.2402. The final structure represents one complete cage in the asymmetric unit of the crystal.
For the I222 crystal form, the Matthews coefficient indicated the presence of three chains in the asymmetric unit. By using the native trimeric structure and the monomer of the native dimeric structure as searching models, all domains were successfully located by Phaser. Because of the resolution limit, the helix linker could not be built manually. Instead, the linkers were copied from the most similar chains in the P21212 structure by comparing the relative orientations of the trimeric and dimeric domains. The grafted linkers and the adjacent segments were regularized with helical restraints in Coot. The B-factors of the backbone atoms were reset to 100 and the side-chain were reset to 250 (the Wilson B-factor S4 of this crystal form was 400). The structure was then subjected to TLS and group ADP (atomic displacement parameter) refinement using the Phenix program. The final R/Rfree factors are 0.2764 and 0.2876 and the structure represents onequarter of a cage in the asymmetric unit.
Circular dichroism
Circular dichroism measurements were recorded on a Jasco J-715 spectrometer with a Peltier temperature-controlled cell holder. Samples were dissolved in 20mM Tris (pH=8.0) and 100mM NaCl at a protein concentration of 10 µm. Far-UV spectra were measured at 24 o C and scanned from 260-195 nm at a scanning speed of 20 nm/min with a bandwidth of 1 nm. The melting curve was measured at 222 nm and scanned from 25-80 o C, with a temperature slope of 60 o C/hour and a bandwidth of 1 nm.
Electron Microscopy and Image Processing
The triple mutant Lys118Ala/Leu279/Gln24Thr protein was diluted to ~30 µg/ml in buffer (20 mM Hepes pH7.4, 150 mM NaCl). About 3 µl of protein solution was applied to a carbon-coated Maxtaform, 300-mesh Cu/Rh EM specimen grid (Ted Pella, Inc.) and preserved with 2% (w/v) uranyl acetate. Images were recorded at a magnification of 52,000X on a 2,048 × 2,048 Teitz CCD camera, and ~ 1 µm underfocus, with a Tecnai Spirit (Philips/FEI) electron microscope (FEI), equipped with an LaB6 filament and operating at an acceleration voltage of 120 kV. A total of 278 CCD images were automatically acquired using Leginon 8 . Particle images (~8,000) were selected using e2boxer 9 . Two-fold pixel binning of the original CCD images resulted in a final pixel size of 5.3 Å. Image alignment and classification were carried out using the Iterative Stable Alignment and Clustering (ISAC) program 10 in the SPARX software package 11 . Threedimensional volume and image rendering were carried out using UCSFChimera 12 . Figure S1 . It was anticipated that the side chain of lysine 118, which was present in the originally designed sequence (shown modeled in an extended configuration) might collide with the helix linker and prevent the protein from adopting the intended conformation. The distance between the C atom of Lys118 and Ala278 is 0.7 Å. The trimeric domain is colored in orange, the linker in magenta and the dimeric domain in green. 
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